Abstract: Dioxiranes are remarkably versatile oxidizing agents that show encouraging potential for asymmetric synthesis, particularly asymmetric epoxidation of unfunctionalized olefins. This review outlines the recent development in this area. Discussions are focused on the structural requirements of the chiral ketone catalysts, how structural changes effect the reactivity and selectivity of the catalyst, reaction conditions, and transition states.
Introduction
Dioxiranes are remarkably versatile oxidizing agents which show encouraging potential for asymmetric synthesis, particularly asymmetric epoxidation of unfunctionalized olefins. Dioxiranes can be generated in situ from Oxone (potassium peroxymonosulfate) and ketones (Scheme 1). 1, 2 The ketone is regenerated upon epoxidation. Therefore, in principle, only a catalytic amount of ketone is required. If the ketone is chiral, there exists the opportunity for catalytic asymmetric epoxidation. 3 Since the first chiral ketone reported by Curci in 1984, 4 this area has received intensive interest. This review will summarize some of the recent progress in this area. 
Early Ketones
The first chiral ketone-catalyzed asymmetric epoxidation was reported by Curci and coworkers in 1984. 4 The epoxidation was studied using (+)-isopinocamphone (1) or (S)-(+)-3-phenylbutan-2-one (2) as catalyst and (E)-b-methylstyrene or 1-methylcyclohexene as substrate in a biphasic mixture of CH 2 Cl 2 /H 2 O buffered to a pH of 7-8, with Bu 4 NHSO 4 as phase transfer catalyst. Some of the results are shown in Table 1 . Although long reaction times were needed, the amount of ketone could be reduced to as little as 20 mol% without reducing conversions and ee's compared to the cases where stoichiometric amounts of ketones were used. Up to 12.5% ee was obtained, demonstrating that chiral epoxides can be obtained if chiral ketones are used.
Ketones 1 and 2 react sluggishly, and somewhat high catalyst loadings were required to give high conversion in reasonable time at 5°C. Since electron deficient ketones are generally more reactive for epoxidation, 1 a trifluoromethyl group was incorporated into the ketones. The resulting ketones 3 and 4 were subsequently investigated under the similar biphasic reaction conditions, and were found to be much more active. 5 High conversions could be achieved within 17-48 hours with 0.8-1.2 equivalents of ketone at 2-5°C ( Table 2 ). It was shown that the ketones could be recovered from the reaction with only minor loss (2-5%).
In 1995, Marples and co-workers reported a class of 1-tetralone and 1-indanone based chiral ketones 5-8 substituted at the C-2 position with a fluorine and either an alkoxycarbonyl or a 2-hydroxyisopropyl group. 6 These ketones were designed as the cyclic equivalents of trifluoroacetophenone and related ring fluorinated acetophenones, which had proven to generate reactive dioxiranes. Although none of these ketones provided optically active epoxides, the concept of carbonyl activation with electron-withdrawing groups was further illustrated.
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Binaphthyl-Based and Related Ketones
In 1996, Yang and co-workers reported an elegant C 2 symmetric, 11-membered ring chiral ketone 9a, derived from 1,1'-binaphthyl-2,2'-dicarboxylic acid. [7] [8] [9] In such ketones, a remote binaphthalene unit was used as the chiral control element. This ketone was designed based on the following considerations: (a) The C 2 symmetry was introduced to limit the competing reaction modes of attack on the dioxirane, which has two faces for oxygen transfer. (b) The chiral element was placed away from the catalytic center (the carbonyl group) with the intention of avoiding any substituents at the a-carbon, since a-carbons are prone to racemization, and steric hindrance at the a-carbon decreases the catalyst activity. (c) Two electron-withdrawing ester groups were introduced to activate the carbonyl.
The combination of unhindered carbonyl and electronwithdrawing groups proved to be powerful. Ketone 9a is very reactive, with the ability to give high conversion with as little as 10 mol% catalyst in a few hours at pH 7.0-7.5 (Table 3 ). Another aspect that may help with regard to its high reactivity is that the reaction is run in a homogeneous solvent system (MeCN/H 2 O), 2i which increases dioxirane-olefin interaction. The ketone is stable, and can be recovered in high yield. Up to 87% ee was obtained for 4,4'-trans-disubstituted stilbenes (Table 3 , Entry 6).
The X-ray structure of ketone 9a reveals that the two naphthalene rings are located on the opposite faces of the keto group. 8, 9 H-3 and H-3' are closer to the dioxirane group than other atoms on the chiral binaphthalene unit and may therefore be the steric sensors in the oxygen transfer process. It was therefore expected that higher enantioselectivity could be obtained by increasing the steric bulkiness at the 3 and 3' positions. Ketones 9b-k were thus designed and investigated. 8, 9 As shown in Table  4 , the enantioselectivity was indeed affected by the substituents at the 3 and 3' positions. As the size of the steric sensor became larger (e.g. from H to Cl to Br to I) ( Table  4 , Entries 1-4), enantioselectivity first increased and then decreased, indicating optimal results require the appropriate size of steric sensor. Among these ketones the most reactive is 9g, which has two ketal rings, and thus four additional inductively withdrawing oxygen atoms. Apparently, the electronic nature of the groups on the binaphthyl ring are transmitted rather well to the carbonyl in this case, providing even further activation.
As shown in Table 5 , para-substituted trans-stilbenes proved to be very good substrates for ketone 9, and the size of the substituents on the phenyl rings of the olefin strongly influences the enantioselectivity of the epoxidation. As the substituents became larger (from H to Me to Et to i-Pr to t-Bu), higher ee's were obtained (84 to 95% ee for 9g) ( Table 5 , Entries 1-5).
Several other ketones with oxygens at b-positions to the carbonyl groups were also prepared and tested for their epoxidation effectiveness. [9] [10] [11] In 1997, Song and co-workers reported ketones 10 and 11, which replace the ester groups of 9 with ethers to bring the carbonyl closer to the chiral element. 10 Ketone 11 also changes the chiral element to simple phenyl groups. Results with trans-stilbene and trans-b-methylstyrene are given in Table 6 . A full equivalent of these ketones was required to reach high conversions. As the reaction temperature was reduced to 0 °C the reaction became much slower, but the enantioselectivity increased up to 59% (Table 6 , Entries 1 and 3 vs Entries 2 and 4). The lower reactivity of these ketones compared to ketone 9 could be due to the fact that an ether group is a weaker electron-withdrawing group than an ester group.
In 1997, another variation was reported by Adam and coworkers, using mannitol 12 and tartaric acid 13 as the chiral backbones. 11 The reactivity of these ketones are similar to 10 and 11. Based on the earlier reported pH effect for the fructose derived ketone 28 (vide infra), the reactivity and selectivity of 12 and 13 increased when the reaction was run at higher pH (Table 7 , Entries 5, 7, 8, [10] [11] [12] .
In 1999, Denmark and co-workers reported a highly active and selective carbocyclic 7-membered chiral ketone 14.
1f The ketone was designed to bring the chirality closer to the carbonyl, and it was found that fluorine substitution at the a-carbon has a dramatic influence on the epoxidation rate. One equivalent of the nonfluorinated ketone 14a afforded only 5% conversion for trans-b-methystyrene, whereas monofluoro ketone 14b gave 24% conversion and difluoro ketone 14c gave a quantitative transformation. A change to pH 10.0 by the addition of K 2 CO 3 to the reaction mixture increased reactivity, resulting in a catalytic system that gave high yields and ee's of the epoxide product (Table 8 ).
Ammonium Salts and Related Ketones
A ketone-catalyzed epoxidation usually involves the use of a biphasic solvent system. Effective partitioning of the ketone and its dioxirane between both the organic phase and aqueous phase is extremely important for the epoxidation efficiency. During the elegant and detailed studies of various epoxidation reaction parameters, Denmark and co-workers revealed that 4-oxopiperidinium salt 15, which unite the dioxirane precursor (carbonyl group) with the phase transfer catalyst, provided an efficient class of catalysts. 2h The phase transfer ability of 15 can be regulated by controlling the chain length of the alkyl groups on the nitrogen. In addition, the inductive effect of ammonium substituents can further activate the ketone and suppress the Baeyer-Villiger oxidation. Building on this work, a number of chiral ammonium salts were investigated, 12 initially, ammonium ketones 16 and 17. 1f,2h,2l Both ketones were found to have low reactivity, probably due to the crowding imposed by the chiral centers adjacent to the carbonyl. Ketone 17 gave 34% ee for trans-b-methylstyrene and 58% ee for 1-phenylcyclohexene (Table 9 , Entries 1 and 9).
To achieve greater activation of the carbonyl center and greater suppression of Baeyer-Villiger oxidation, dicationic ketones 18-20 were investigated. Up to 40% ee was obtained with ketone 20 (Table 9 , Entry 4). The low ee's obtained with these ketones could be due to a consequence of the distance between the chiral unit and the carbonyl. To draw the chiral environment closer to the reaction center, ketones 21 and 22 were prepared from chiral pyrrolidines. Both ketones were found to be very active catalysts, although the ee did not improve (Table 9 , Entries 5 and 6).
The low enantioselectivities obtained with the above bis(ammonium) ketones 18-22 could be attributed to the high flexibility of the 7-membered ring. Therefore, a tropinone based rigid ammonium ketone 23 was then explored. 1f, 13 In this ketone, fluorine was used as a second activating group, and it was found to be highly reactive. High conversion was obtained for trans-b-methylstyrene (Table 9 , Entry 7), and a 58% ee was obtained for transstilbene ( Table 9 , Entry 8).
In 1998, Armstrong and co-workers reported the uncharged tropinone derived ketone 24 (Table 10). 14 Placement of a carbonate on the bridgehead nitrogen in combination with the fluorine atom created a highly reactive catalyst, with up to 83% ee obtained for phenylstilbene (Table 10 , Entry 3).
Recently, Carnell and co-workers found that N,N-dialkylalloxans such as 25 were very reactive epoxidation catalysts. 15 Placement of carbonyls on either side of the dioxirane precursor suppresses Baeyer-Villiger oxidation and ketone 25 can be recovered without decomposition. Unfortunately, no asymmetric induction was achieved on epoxidation of trans-stilbene when chiral ketone 26 was used, presumably due to the fact that the chiral center was not close to the reaction center.
An oxazolidinone-derived trifluoromethyl ketone 27, which contains the nitrogen at the a-position, was also investigated by Armstrong and coworkers. 16 Unfortunately, it was found that ketone 27 decomposed via Baeyer-Villiger oxidation at pH 7-8. However, good conversions could be achieved using 3 equivalents of the ketone, with up to 34% ee obtained (Table 11) .
Carbohydrate Based and Related Ketones
In 1996, a fructose-derived ketone 28 was developed as a highly effective epoxidation catalyst. 17 Ketone 28 can be synthesized in two steps from D-fructose by ketalization and oxidation (Scheme 2). [17] [18] [19] The enantiomer of ketone catalyst 28, ent-28 can be obtained in the same way from L-fructose, which can be prepared from readily available L-sorbose following a literature procedure. 19, 20 Ketone ent-28 prepared by this way showed the same enantioselectivity for the epoxidation as ketone 28.
Ketone 28 is a member of a class of ketones designed to contain the following general features: (1) The stereogenic centers are close to the reacting center, resulting in efficient stereochemical communication between substrate and catalyst. (2) The presence of fused ring(s) or a quaternary center a to the carbonyl group minimizes the epimerization of the stereogenic centers. (3) Approach of an olefin to the reacting dioxirane can be controlled by sterically blocking one face or using a C 2 or pseudo C 2 symmetric element. (4) Inductively withdrawing substituents are introduced to activate the carbonyl.
Scheme 2
The pH is a very important factor for epoxidation with dioxiranes generated in situ.
2a,2h High pH results in the rapid autodecomposition of Oxone, 21, 22 thus leading to a decrease in epoxidation efficiency. For this reason, ketonemediated epoxidations are usually carried out at pH 7-8.
2,4-11,13-16 Initial studies with ketone 28 were therefore carried out at pH 7-8, and high enantioselectivies (>90% ee) were obtained for a variety of trans-disubstituted and trisubstituted olefins. 17 However, at this pH, ketone 28 decomposed very rapidly. A large amount of ketone was required to achieve good conversion of substrate. It was subsequently envisioned that a possible decomposition pathway for ketone 28 could involve the Baeyer-Villiger (B.V.) reaction resulting from intermediate 29 (Scheme 3) although the corresponding lactone had not been isolated. It was surmised that this competing reaction (B.V.) could be suppressed by raising the pH, since at a higher pH intermediate 30 would be favored, leading to more efficient formation of dioxirane 31. It was also envisioned that the autodecomposition of Oxone at high pH could possibly be overridden if the ketone 28 was sufficiently reactive.
Based on these considerations, a systematic investigation of the pH effect on the epoxidation of trans-b-methylstyrene was then carried out. 19, 23 The pH showed a profound effect on the substrate conversion and the higher pH was indeed beneficial to the catalyst efficiency (Figure 1 ). The conversion of trans-b-methylstyrene to its epoxide increased more than 10 fold from a lower pH (7-8) to a higher pH (>10) and the enantioselectivity remained high at high pH (90-92% ee). In addition, the amount of Oxone used in this catalytic procedure was reduced significantly, suggesting that ketone 28 was indeed reactive enough to compete with the autodecomposition of Oxone. This dramatic pH effect leads to a catalytic asymmetric epoxidation process, which significantly enhances the potential of the current epoxidation for practical use. The optimal pH range is broad, which simplifies the experimental operation. The epoxidation is typically carried out at pH around 10.5, which can be conveniently achieved by adding either K 2 CO 3 or KOH as the reaction proceeds. Furthermore, epoxides are usually more stable under these basic conditions. For comparison, the pH effect on the epoxidation of transb-methylstyrene using acetone as catalyst was also studied. The results in Figure 2 show that the efficiency of the acetone catalyzed epoxidation is generally enhanced as well at higher pH. 2m,19 This could be due to the enhanced nucleophilicity of Oxone, which increases the reactivity towards acetone (It is noteworthy that the epoxidation by Oxone itself under these conditions is negligible and the epoxidation is solely due to acetone catalysis). Therefore the enhanced epoxidation efficiency at higher pH for ketone catalyst 28 is not only due to a decrease of the Baeyer-Villiger reaction, but also a result of increased nucleophilicity of Oxone (the enhanced nucleophilicity would suppress additional competing side reactions of the catalyst). A clearer understanding of the mechanistic consequence of this awaits further studies.
To test the generality of this asymmetric epoxidation, a variety of olefins were investigated with a catalytic amount of ketone 28 (typically 20-30 mol%). The results are summarized in Tables 12-19 . High enantioselectivities can be obtained for a variety of unfunctionalized trans-and trisubstituted olefins (Tables 12 and 13 ). 19 However, this ketone catalyst currently gives relatively low ee's for cis-disubstituted and terminal olefins (Table  14) . 19 Among other olefins, hydroxyalkenes can also be expoxidized nicely (Table 15) . 24 This method is complementary to the Sharpless asymmetric epoxidation since homoallylic and bishomoallylic alcohols can be epoxidized with high ee's. Conjugated dienes can be regio-and enantioselectively epoxidized to provide vinyl epoxides with high ee's (Table 16) . 25 For unsymmetrical dienes, the regioselectivity can be regulated by using both steric or electronic control. Conjugated enynes can be highly chemo-and enantioselectively epoxidized to produce chiral propargyl epoxides (Table 17) . 26, 27 Enol silyl ethers and esters can also be enantioselectively epoxidized to produce optically active a-hydroxy ketones 28, 29 and enol ester epoxides, 29 respectively (Table 18 ). The resulting chiral enol ester epoxides are versatile synthetic intermediates, which can be converted into optically active a-hydroxy or a-acyloxy ketones by hydrolysis or stereospecific rearrangement. [29] [30] [31] A variety of 2,2-disubstituted vinylsilanes can also be enantioselectively epoxidized (Table 19) . 32 Subsequent desilylation of the resulting epoxysilanes using TBAF provides easy access to 1,1-disubstituted terminal epoxides with high ee (Scheme 4).
Scheme 4
To further probe the structural requirements for the chiral ketone catalysts, a number of related ketones were prepared from carbohydrates. 33 As shown in Table 20 , the catalytic properties of these ketones are highly dependent on the precise nature of the ketone structure. It was found that the rigid 5-membered ring spiro ketal of 28 was structurally superior to the 6-membered cyclic ketal of 34 and the acyclic groups of 35 and 36 for both reactivity and enantioselectivity of the epoxidation. Studies with ketone 28 and 28a-m showed that the epoxidation was also largely affected by the size of the groups attached to the ketals (R 1 , R 2 , and R 3 , R 4 ). Generally speaking, the smaller R 1 and R 2 , the higher reactivity and selectivity. The size of R 3 and R 4 also affects the yield and ee of the epoxidation. Among all these ketones, 28 is the most generally effective catalyst considering the yield and enantiomeric excess of the formed epoxides as well as ease of preparation, although slightly higher ee's are obtained with ketones 28b, 28e, 28g, 28l, 28m in certain cases (Table 20 , Entries 3, 6, 8, 13, and 14) . Ketones 38 and 39 with 5-membered rings were found to be less effective catalysts (Table 20 , Entries 29 and 30), owing to their facile Baeyer-Villiger oxidative decomposition caused by the ring strain associated with the 5-membered ring.
Transition State Analysis
Understanding the reaction mode of the dioxirane-mediated epoxidation is important for predicting the stereochemical outcome of the reaction and for designing an effective ketone catalyst. The two extreme transition state geometries for the epoxidation of olefins with dioxiranes are spiro and planar ( Figure 3) . coworkers observed that cis-hexenes were 7-9 fold more reactive than the corresponding trans-hexenes for epoxidation using dimethyldioxirane. 34 After analyzing steric effects in both transition states, they found that a spiro transition state is consistent with the reactivity difference between cis-and trans-hexenes (Figure 4) . 34, 35 Computational studies also show the optimized transition state for oxygen atom transfer from dimethyldioxirane to ethylene is the spiro transition state. [36] [37] [38] Analyzing the stereochemistry of epoxides produced by chiral dioxiranes provides the opportunity for further exploration of the transition state. A few possible transition states for the epoxidation between the olefin and the dioxirane of ketone 28 are shown in Figure 5 . 17, 19 Steric repul- The favoring of a spiro transition state over a planar one could be due to the stabilizing interaction of an oxygen lone pair with p* orbital of the alkene in the spiro transition state (stereoelectronic origin). Such stabilizing orbital interactions can not be achieved in the planar transition state. 36, 37 Analyzing transition states spiro A and planar H indicates that the energy difference should also be subject to the steric effect of substituents on the olefin. Higher ee can be obtained by decreasing the size of R 1 (favoring spiro A) and increasing the size of R 3 (disfavoring planar H). The results presented in Figures 6 and 7 show that this is indeed the case, particularly for trisubstituted olefins 39 (for trans-disubstituted olefins where R 2 = H, transition state B is also feasible, which provides an additional op- tion to minimize the steric interaction). Overall, these studies strongly suggest that the epoxidation proceeds through spiro A and the main competing mode is planar H. The extent of the involvement of the planar transition state is dependent on the substituents on the olefins. 19, 40, 41 In their studies, Yang and co-workers also showed that a spiro transition state is preferred for the epoxidation catalyzed by ketone 9.
8,9
This information regarding transition state of the ketone catalyzed epoxidation is extremely valuable for predicting the stereochemistry of the reaction product and for designing new ketone catalysts. The understanding of these transition states also suggested that kinetic resolution of certain types of racemic olefins using chiral dioxiranes could be possible. 42 Transition states A and B represent the spiro transition states for the epoxidation of each enantiomer of a racemic 1,6-disubstituted cyclohexene using ketone 28 as catalyst. Transition state B is expected to be disfavored compared to transition state A due to the steric interaction between R 2 and one of the dioxirane oxygens. Consequently one enantiomer would be epoxidized faster than the other. Analysis of the spiro transition states for Figure 6 The effect of the size of R 1 on enantioselectivities (decreasing the size of R 1 results in a higher ee)
Figure 5
The spiro and planar transition states for the epoxidation catalyzed by ketone 28 Figure 7 The effect of the size of R 3 on enantioselectivities (increasing the size of R 3 results in a higher ee) Table 21 show that a kinetic resolution of 1,3 and 1,6-disubstituted cyclohexenes via chiral dioxiranes is indeed feasible. High resolution efficiency has been obtained for a number of trisubstituted cyclic olefin substrates, which provides a valuable way to prepare certain chiral intermediates.
Carbocyclic Analogues
Ketone 28 uses a fused ring and a quaternary carbon a to the carbonyl group to place the stereogenic centers close to the reacting center and to minimize potential epimerization of chiral elements. A ketone containing two fused rings at each side of the carbonyl group would also be very interesting. A member of this class of ketones, pseudo C 2 symmetric ketone 40 was prepared from quinic acid (Scheme 5). Tables 22 and 23 summarize the selected epoxidation examples with ketone 40. A few noticeable features are worth mentioning: (1) These ketones are very active catalysts, and only a small amount (5-10 mol%) is required to achieve good conversion. (2) Certain electron deficient olefins can be epoxidized (Table 23 , Entries 5-8), indicating that the formed dioxirane is very electrophilic. The high enantioselectivity obtained with enones (Table 23 , Entries 6-8) suggests that the catalyst can effectively compete with the ketone present in the substrate and the epoxide product. (3) The enantiomeric excess for the epoxidation of the cis-and terminal olefins is encouragingly high, showing promise for the asymmetric epoxidation of these olefins. (4) The reactivity, selectivity, and BaeyerVilliger oxidative decomposition of the ketone catalyst can be greatly affected by the ketone conformations imposed by the substituents on the ring. It is interesting to note that C 2 symmetric ketone 40a, which has no additional substituent at the b-position is one of the least effective ketones. All these observations provide intriguing insights into designing new ketone catalysts.
Armstrong and co-workers recently reported two C 2 -symmetric 5-membered ring ketones 41 and 42. Ketone 41 underwent the Baeyer-Villiger oxidative decomposition rapidly and showed little activity for epoxidation. 16, 45 Unactivated C 2 -symmetric carbocycle ketone 42 proved to be completely unreactive in the epoxidation of trans-stilbene, and was recovered from the reaction mixture. 16 The steric hindrance around the carbonyl might be an important contributing factor for its inactivity.
Ketones 28 and 40 have ketals at both a-positions. These ketals act as both activating groups and chiral control elements. To further explore the structural requirements for ketone catalysts, ketones 43, 44, and 46, which have a ketal at the b-position have been studied (Table 24) . 46 Recently, Adam and co-workers also reported their studies on ketones 43 and 45 (Table 25) . 47 As shown in Tables 24  and 25 , moving the ketal from the a-to b-positions generally lowered the catalyst reactivity and selectivity, decreasing both the conversion and ee of the epoxidation reaction.
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In 1998, Yang and coworkers reported a ketone 47 which contains a quaternary carbon at the a-position of one side and a substituent at the b-position of the other side of the carbonyl group. 48 Epoxidations of a series of meta-and para-substituted trans-stilbenes with 47 were studied ( Table 26 ). Interestingly, it was found that the epoxide ee was dependent on the substituent on the phenyl group of the olefin (Table 26 , Entries 1-12). This observed ee difference was postulated to be due to the n-p electronic repulsion effect between the Cl atom of 47b and the phenyl group rather than the steric interaction. As shown in Entries 13-17 (Table 26) , the substituent at C 8 could also significantly influence the ee through the electrostatic interaction between of the polar C-X bond and the phenyl group of the stilbene.
Exploring Other Oxidants
In almost every case of the dioxirane generation, potassium peroxymonosulfate (KHSO 5 ) is used as oxidant. 49 Its effectiveness in the formation of dioxiranes is probably due to the fact that the sulfate moiety is a good leaving group, which facilitates the ring closure of intermediate 50 to form dioxirane 51 (Scheme 6). As close analogues of potassium peroxymonosulfate, arenesulfonic peracids generated from (arenesulfonyl)imidazole/H 2 O 2 /NaOH have also been shown to produce dioxiranes from acetone and trifluoroacetone as illustrated by 18 O-labeling experiments. 50 However, it is particularly of interest whether oxidants with poorer leaving groups than sulfate are capable of generating dioxiranes. Among many oxidants, hydrogen peroxide (H 2 O 2 ) is highly desirable since it has a high active oxygen content and its reduction product is water. 51 A recent study with the fructose-derived ketone 28 showed that indeed H 2 O 2 could be used as primary oxidant in combination with a nitrile (Scheme 7). 52 Peroxyimidic acid 52 is likely to be the active oxidant (Scheme 8).
Scheme 6
Scheme 7 High yields and ee's were obtained for a number of olefins (Table 27) . 52 Epoxidation using hydrogen peroxide as the primary oxidant proceeds under mild conditions while requiring less solvent and salts to be used in the reaction. 
Conclusion
Chiral ketone-catalyzed asymmetric epoxidation has received intensive interest since the first chiral ketone mediated epoxidation reported by Curci in 1984. 4 However, discovering efficient chiral ketone catalysts has proven to be a challenging process. Balancing the effects of sterics and electronics on the catalyst is not trivial matter.
Scheme 9 lists a number of possible pathways involved in the catalytic cycle of the ketone mediated epoxidation. Achieving the desired outcome from this deceivingly simple looking reaction requires a delicate balance among all the possible pathways a-j. 33, 53 Generally speaking, when the stereogenic centers are closer to the reacting center (carbonyl group), efficient stereochemical communication between substrate and catalyst could be more readily achieved, leading to higher enantioselectivity of the epoxidation. 54 However, the potential racemization of the chiral centers associated with this type of ketone due to the acidity of the protons at the a positions (path e in Scheme 9) puts restrictions on the choice of these groups.
Aside from the epimerization problem, the epoxidation reaction is also greatly affected by the steric and electronic properties of the substituents. If R 1 and R 2 are too small, the stereochemical communication between the olefin and the chiral elements of the dioxirane may not be efficient enough to give high enantioselectivity. On the other hand, the large size of R 1 and R 2 could retard the formation of tetrahedral intermediate II and/or dioxirane IV. Consequently, Oxone could decompose nonproductively via pathway g. The steric hindrance of R 1 and R 2 could also slow down the reaction between dioxirane IV and the olefin, which would result in undesired consumption of the dioxirane via pathway i and/or j (many dioxiranes are short lived).
Electronically, R 1 and R 2 are also important. If R 1 and R 2 are electron-donating or weakly electron-withdrawing, tetrahedral intermediate II will not be efficiently formed due to the poor electrophilicity of the carbonyl group. At the same time, these groups will favor the detrimental Baeyer-Villiger reaction (pathway h). However, if R 1 and R 2 are too electron deficient, ketone I will be too electrophilic and will largely exist in a hydrate form VI, which could potentially shut down the whole catalytic cycle. The electron deficiency of these groups will also enhance the acidity of the protons at the a position thus facilitating the racemization (pathway e). If ketone I is cyclic, the ring strain will also affect the reaction efficiency. These and the aforementioned factors put high structural stringency on chiral ketone catalysts in order for them to be effective in terms of both reactivity and selectivity.
During the past few years, a variety of chiral ketones have been investigated in a number of laboratories, and significant progress has been made in the field. Chiral dioxiranes have shown to be very effective oxidants for the asymmetric epoxidation of olefins, particularly for unfunctionalized trans-and trisubstituted olefins. Further studies of ketone structure and catalytic properties will certainly facilitate the development of new ketone catalysts. 
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